Abstract: Geoengineering-specifically stratospheric aerosol injection-is not only risky, but supports powerful economic interests, protects an inherently ecologically harmful social formation, relegates the fundamental social-structural changes needed to address climate change, and is rooted in a vision of a nature as a set of passive resources that can be fully controlled in line with the demands of capital. The case for geoengineering is incomprehensible without analyzing the social context that gave birth to it: capitalism's inability to overcome a contradiction between the need to accumulate capital, on the one hand, and the need to maintain a stable climate system on the other. Substantial emissions reductions, unlike geoengineering, are costly, rely more on social-structural than technical changes, and are at odds with the current social order. Because of this, geoengineering will increasingly be considered a core response to climate change. In light of Herbert Marcuse's critical theory, the promotion of geoengineering as a market-friendly and high-tech strategy is shown to reflect a society that cannot set substantive aims through reason and transforms what should be considered means (technology and economic production) into ends themselves. Such a condition echoes the first-generation Frankfurt School's central thesis: instrumental rationality remains irrational.
Introduction
"[A]dvanced industrial society is . . . the latest stage in the realization of a specific historical project-namely, the experience, transformation, and organization of nature as the mere stuff of domination. . . . In the medium of technology, culture, politics, and the economy merge into an omnipresent system which swallows up or repulses all alternatives." -Herbert Marcuse [1] (p. xvi)
On the one hand, the puzzle of geoengineering, climate engineering, or "climate intervention"-"the deliberate large-scale intervention in the Earth's climate system, in order to moderate global warming" [2] (p. ix)-entails a series of seemingly purely technical questions concerning effectiveness, affordability, timeliness, and safety. For instance, while the Royal Society's [2] influential assessment of geoengineering methods addressed substantive questions of ethics and governance-in a rather brief, abstract, and problematic way [3] -the criteria for assessing proposed strategies were based solely on seemingly purely technical criteria (i.e., effectiveness, affordability, timeliness, and safety). In a systematic analysis of geoengineering appraisals, Bellamy et al. [4] found that all appraisals framed the problem in narrow, mostly technical terms and most commonly as an issue of climate change emergency conditions, insufficient mitigation efforts, or climate change impacts. In a recent report on "albedo modification" (see "Solar Radiation Management" in Section 3), the U.S. National Research Council [5] (p. 186) were clear that " [a] ny future decisions surrounding the use of albedo modification will need to be based on more than just scientific theories" and must address "social, ethical, political, and legal discussions" along with technical considerations.
While we address the serious potential risks of geoengineering, we also ask, in the spirit of a form of rationality capable of addressing both means and ends, why geoengineering is offered as a climate change solution: What structural forces and forms of rationality have driven the recent agenda for geoengineering? The "whys" are not as straightforward as expert-analytic appraisals suggest. In the aforementioned study, the "obvious exclusions" in the context frames included a wealth of social and ethical issues [4] (p. 605). However, recent analyses of geoengineering have asked substantive questions about geoengineering: its social, legal, political, and ethical dimensions (e.g., [3, ).
We adopt a method of "ideology critique," which, in social-ecological context, entails "immanent critique" (explained shortly), historicizing seemingly natural and immutable social conditions, and diagnosing socio-ecological contradictions and crises [27] . Horkheimer [28] (p. 173) summarized immanent critique as "apprais [ing] society by the light of the very ideas that it recognizes as its highest values" with an awareness "that these ideas reflect the taints of reality" (see also [29] ). In the context of geoengineering, to paraphrase Horkheimer, we appraise geoengineering "by the light of the very ideas that it recognizes as its highest values" with awareness that geoengineering strategies reflect a social formation that probably cannot overcome a contradiction between the need to accumulate capital, on the one hand, and the need to maintain a stable climate system on the other (see Section 4.1). Because reasons to support geoengineering are primarily technical and means-based, our assessment is akin to the post-Second World War ideas of the first-generation Frankfurt School, in which immanent critique took the form of a critique of instrumental reason as "unreason" [30] . Our examination has much in common with Clive Hamilton's [31] (p. 53) argument that "what matters ethically about geoengineering is not only the outcome but also the human disposition it reveals" (see also [32, 33] ). By attending to both the social-structural conditions that gave birth to the geoengineering agenda and the forms of rationality used to legitimate it, we diagnose what geoengineering means for human rationality in capitalist society and the chance for social alternatives. Our central contribution is bringing together sociological questions concerning the relationship between social structure and patterns of thinking with substantive questions regarding the desirability of geoengineering.
We draw on the early Frankfurt School's theorization of technology to examine which structural forces and forms of rationality have driven the recent agenda for geoengineering in advanced capitalist societies. We focus particularly on the work of Herbert Marcuse for a perspective that is neither technophobic nor naively Promethean. Although too easily cast aside as deterministic, gloomy, and monolithic, the epigraph, written over five decades ago in Marcuse's most celebrated and infamous work, foretells the story of geoengineering. It presupposes the necessary categories and causal frameworks for understanding why putting giant mirrors into space or intentionally manufacturing large-scale algal blooms are beginning to be considered less utopian means to address climate change than reducing greenhouse gas (GHG) emissions. Like Feenberg (e.g., [34, 35] ), we see Marcuse's theory as one possessing both a critical conception of the social and environmental implications of technology as well as a potential solution to the destructive consequences of technical achievements (see Section 2.2).
In the following, we review environmental social-scientific, STS, and ethical work on geoengineering, focusing on what is known about conceptualizations used to frame geoengineering (Section 2.1), and then integrate Marcuse's writings on technology and abridge Feenberg's explication (Section 2.2). Following an overview of stratospheric aerosol injection and its risks (Section 3), we examine how a Marcusian perspective can explain the structural forces and forms of rationality that have driven the recent agenda for geoengineering in advanced capitalist societies (Section 4). In the conclusion, we predict that geoengineering will increasing be considered a leading strategy to combat climate change, and that the prospect of the deployment of potentially catastrophic geoengineering strategies substantiates the first-generation Frankfurt School's bleakest assessments of instrumental rationality (Section 5).
The Social Dimensions of Geoengineering: Revisiting Marcuse

A Review of the Social Dimensions of Geoengineering: What the Frankfurt School Can Offer
A growing number of environmental social scientists, STS scholars, environmental ethicists, and others have developed nuanced positions concerning the social, political, legal, and ethical dimensions of geoengineering, including evaluations of geoengineering based on its unanticipated harms and inherent wrongness, and investigating options for geoengineering governance and the issue of consent (e.g., [3, 31, 33] ). Social scientific research has given special attention to public perceptions of geoengineering [16, [36] [37] [38] [39] and, especially relevant to this project, media and expert framings of geoengineering [4, 11, [40] [41] [42] [43] [44] .
In an analysis of newspaper articles (cf. [43, 44] ), and lending support to the argument that technological rationality underpins the geoengineering agenda (see Section 4.2), Nerlich and Jespal [40] found that various metaphors used to frame geoengineering "can all be related to one conceptual master metaphor or master frame according to which the earth is a machine or cybernetic system (car, heating system, computer) that is broken but can be fix" [40] (p. 141). Two other "master-metaphors" employed to frame geoengineering included the planet as (1) a body and as (2) a patient/addict. We return to dominant media framings of geoengineering in Section 4.2, arguing that many framings of geoengineering are constituted by a form of thinking that reduces the universe to a mass storehouse of goods and services that can be easily, successfully, and wholly dominated for human aims (technological rationality).
In an analysis of assessments of geoengineering (cf. [42] ), two dominant frames were identified: (1) geoengineering as a response to "insufficient mitigation" (reducing GHG emissions will not be enough to address climate change) and (2) geoengineering as a response to a "climatic emergency" [41] (see also [4] ). Both of these frames are regularly invoked to make the case for geoengineering as "Plan B," "[t]he dominant narrative surrounding geoengineering" [37] (p. 945), or, that geoengineering research should be conducted now because geoengineering may be necessary in a climatic emergency following insufficient GHG emissions reductions. Similarly, Sikka [11] critically analyzed discursive frames and strategies employed by those associated with pro-geoengineering think tanks. In addition to several forms of an "exceptionalism" frame, the other frame discussed by Sikka lends support to arguments more fully discussed in Section 4.1: geoengineering proponents commonly justify geoengineering proposals through appeals to the market.
Muraca and Neuber [45] advanced social-scientific and substantive examinations of geoengineering by evaluating geoengineering strategies-including stratospheric aerosol injection (discussed below)-from the perspective of criteria related to the social and intellectual movement of "degrowth". Emerging as a political slogan in France and quickly developing into an "activist-led science" [46] , degrowth refers to "socially sustainable and equitable reduction of society's throughput" [47] (p. 59) (for review, see [48] ). Afforestation under certain conditions may be the only geoengineering strategy compatible with a degrowth perspective, one developed from a normative operationalization of Georgescu-Roegen's [49] concept of "viable" technology and Illich's [50] concept of a "convivial" tool. In agreement with the argument presented in Section 4.1, Muraca and Neuber [45] begin with the case that growth-dependent economies are unsustainable in the long-run. They develop a unique rendition of the "moral hazard" case against geoengineering [51] from a degrowth perspective: in a growth-dependent society, geoengineering deployment will create trade-offs with mitigation efforts, thereby delaying the transition to an ecological society (see also [52] ).
We further elevate analyses of the social dimensions of geoengineering by examining structural forces and forms of rationality that have driven the recent agenda for geoengineering. Despite the merits of the research discussed above, no analysis to date has sought to explain both the social-structural conditions that gave birth to the geoengineering agenda and the forms of rationality adopted to legitimate it. In relation to research on the framing of geoengineering, "forms of rationality" can be thought of as the underlying reasons why "some aspects of a perceived reality" are made "more salient" [53] (p. 52). According to the Frankfurt School, modern societies are characterized by the prevalence of a "subjective," "formal," or "instrumental" rationality, or "the ability to calculate probabilities and thereby to co-ordinate the right means with a given end" [28] (p. 5). Paradoxically, the instrumentalization of reason purges moral and aesthetic reflection from rationality, making rational judgment on the rightness of the "given end" impossible. We argue that the case for geoengineering is founded on two mutually reinforcing forms of instrumentality: economic and technological rationality. To be clear, our argument is not that economic and technological justifications for geoengineering are the only justifications, though, as shown in the literature above, economic and technological justifications are dominant modes of legitimation in the geoengineering agenda. We focus on economic and technological legitimations of geoengineering because we think these will register as the most valid and relevant justifications in policy-making and appeal to (a historically contingent) "commonsense". We make the case that the prominence, validity, and relevance of these arguments can only be understood in a particular and contradictory social context.
A second contribution of this project is connecting the forms of rationality justifying geoengineering to social-structural conditions. Attending to both social structure and political economy, on the one hand, and reasons-giving, framing, and other ideational variables, on the other, is important in the context of geoengineering. For example, we agree that geoengineering proponents have "focused on a single operational criterion (market efficiency, the economy) at the expense of all others" [11] (p. 172) (see Section 4.1) and that the earth is conceptualized as a giant machine-like entity in discussions of geoengineering [40] (see Section 4.2), but the social-structural context that makes these lines of argumentation and conceptualization central to geoengineering proponents should be made explicit.
In the next subsection, we explain why Marcuse's theory of technology is well-positioned to accomplish these tasks. In an article concerning geoengineering governance that draws from Feenberg's critical theory of technology (see Section 2.2), Sikka [12] (p. 113) hinted at what a Marcusian analysis of geoengineering can bring to the literature: "geoengineering can be seen as a dehumanizing and dangerous kind of technology created solely as a potential technical means for mitigating climate change without sacrificing our existing way of life". This article significantly expands on the latter claim through a critical examination of the structural forces and forms of rationality that have driven forward the recent agenda for geoengineering.
The Critical Theory of Technology
Before discussing Marcuse's theorization of technology and its relation to nature, it is helpful to contextualize these insights in his overarching critical theory of advanced capitalism and the project of critical theory itself. Critical theory requires a distinction between two interrelated dimensions: "appearance" (sometimes "existence" or "actuality") and "essence" (sometimes "potentiality") ( [54, 55] , [56] pp. 224ff). In Marcuse, "appearance" signifies the established social-economic and political order and ossified social relations formed in the past that are thrust upon living individuals as experienced in the matter-of-fact world we find ourselves in everyday life, whereas "essence" signifies what is possible or potential in the current order's level of development, presently inhibited-yet attainable in modified conditions-hopes, needs, aims, and longings of humans, social movements to rationally alter the established order, as well as the underlying total social process that shapes the social order. There is a "tension between potentiality [essence] and actuality [appearance] , between what men and things could be [essence] and what they are in fact [appearance]" [54] (p. 69). The purpose of critical theory is to bring these antagonisms to consciousness via analysis and assessment with the goal of helping more rational historical possibilities become existent-or to at least explain what restricts social alternatives.
Marcuse's analysis of monopoly-consumer capitalism detailed how human longings, desires, and instincts are repressed and sublimated into alienated work [57] and how advances in information and communication technologies, embedded in consumer capitalism, make possible new forms of social control [1] (for summary, see [58] , pp. 136f). The most pernicious development in advanced industrial society is the manufacturing and satisfaction of "false needs," forming the widespread illusory impression that the hopes and desires of humans are already realized via mass consumption. Humans are manipulated, in part by interaction with various forms of technology, into affirmatively accepting "the way things are". By "flattening out" the tension between "the given [appearance] and the possible [essence]," some capitalist technological artifacts help to conceal underlying contradictions, i.e., function as ideology [1] (p. 8). To oversimplify Marcuse's assessment of "one-dimensionality": consumer society and its techniques allow for a smoother reproduction of the expansion of the accumulation process by fashioning automotive-like passive consumer-workers who believe "non-conformity" to be "socially useless" [1] (p. 2). Marcuse's critique of advanced capitalism, coupled with the backdrop of the Frankfurt School's philosophy of history (discussed next), is the context in which he fashions his theory of technology.
The Frankfurt School argued that the historical project of using reason to dominate nature and free humanity from nature's supremacy, a project rooted in antiquity but taking full form in the modern era, had paradoxically enslaved human beings along with the rest of nature [59, 60] . What is considered progress in Western civilization "runs in a single strand, on the rails of the mere domination of nature" [61] (p. 212), an instrumental rationality "reproduced" in society and the self. With the proliferation of an instrumental reason incapable of formulating substantively rational ends, the development and spread of capitalism, and unreflective technical progress, reason has lost its aim (the emancipation of human beings). Marcuse's central contribution to the Frankfurt School's domination of nature thesis was his analysis and critique of modern technology. Marcuse [62] (pp. 138-139) conceptualized technology broadly, as the totality of late capitalist social organization, artifacts (instruments/machinery), as well as the modern mode of instrumental thinking. Technology is mediated by society and vice versa. Technical achievements reinforce and alter the way in which domination takes place in social relations and between society and nature, and the interests and values of society are embodied in technical achievements. This process also influences how the interests and values of society are embodied in technical achievements and even individual technical artifacts: "the machine, the instrument, does not exist outside an ensemble, a technological totality; it exists only as an element of technicity," whereby, "domination is transferred to machines and directed against nature" [63] (pp. 123, 127) .
Technology transforms nature into a mechanical and infinitely malleable order for the aims of capital. This transformation of reality into a "calculable order" is underpinned by a "technological rationality," a "pure" instrumentality incapable of formulating substantive end goals [1] (p. 158), [63] . If modern science and technology, as embedded social projects, have transformed the world into a world of means, they, by definition, depend on ends. However, devoid of substantive goals that cannot be rationally formulated-instrumental reason is not concerned with the quality of ends, only with the effectiveness of means-ends are instead formulated by the "pregiven empirical reality" [64] (p. 152), or, "in line with the prevalent interests in the respective society" [65] (p. 44). Science and technology are not independent, neutral forces, but are organized in capitalist societies-their pregiven reality-to serve the interests of capital [66] .
No one has done more to explicate and update Marcuse's critical account of technology than Feenberg [34, 35, [67] [68] [69] . Feenberg stressed two contributions of Marcuse that are especially important for this project: (1) identifying how a supposedly neutral technology "incorporates" social values and interests and (2) explaining how a supposedly neutral and formal technological rationality serves to reproduce an exploitative social order. We discuss both contributions in turn.
Drawing from Marcuse, Feenberg's critical theory of technology holds that technology is value-laden, as opposed to value-neutral [68] . In particular, Marcuse [1, 70] argued many technologies are fastened to the interests of capital. Economic rationality and its central goal of profit-maximization often shape the design and implementation of technology. Techniques and machines are used to dominate the external world due to the "presence" of ruling interests "in" them, determining "their number, their life span, their power, their place in life, and the need for them" [71] (p. 12). Translating Marcuse's argument into STS lexicon: "design embodies only a subset of the values circulating in society at any given time" and capitalism is unique in that the range of possible value-mediations of technology are reduced due to "conflict[s] with a narrow pecuniary interest" [35] (p. 105). In short, embedded in a society of organized domination, technology is often utilized to further the domination of nature and humans: "[t]echnology is always a historical-social project: in it is projected what a society and its ruling interests intend to do with men and things" [72] (pp. 223-224).
Regarding Marcuse's notion of technological rationality as explicated in Feenberg's critical theory of technology, technological reason is said to be repressive and ideological because it is unable to identify social alternatives in the existing order. Exemplifying one-dimensional thinking, modern technological rationality only "aims at classification, quantification, and control," declares that the "empirically observed thing is the only reality" (i.e., cannot detect alternative social futures within the present) [35] (p. 87), and sees nature as "stuff of control and organization" [1] (p. 153). Because technological rationality is incapable of identifying social alternatives to an exploitative and contradictory social order-an ideology capable of "hardly say[ing] more than things are the way they are" [73] (p. 202)-it contributes to the maintenance and reproduction of the social order. Stated differently, technological rationality molds all social and environmental problems into technological problems requiring technological solutions, because this mode of thinking is blind to what is possible given different social conditions.
Marcuse argued that the progressive ends of science and technology have been lost amid the means-oriented and "neutral" scientific project. Although science has become a "pillar of the established institutions and policies" in reality, the individual scientist may wrongly think they are "the dissociated withdrawn researcher" [74] (p. 158). In other words, the techno-scientific project is one-sidedly concerned with "how" questions-impressed and captivated by the achievements of scientific progress-without reflecting on the sometimes destructive ends it serves.
Exploring the social dimensions of technology and the technological dimensions of society through the critical tradition illuminates aspects of what is and what is possible in ways that major contemporary approaches in STS, such as actor-network theory, may miss. By directing analyses of the social-technological-environmental interface toward undesirable power relations and social inequalities produced by the basic processes of capitalism-an abstract category rejected by radically empirical and micro-sociological "posthuman" approaches to STS-a critical approach is better positioned to grasp, expose, and, thus, potentially overcome undesirable power relations, inequality, and environmental harm [75] . In the case of geoengineering, a Marcusian perspective highlights the interests and structure of capital and instrumental rationality in the geoengineering agenda. We acknowledge that any theory is partial, however. One potential disadvantage of the critical theory tradition for STS, as admitted by Hornborg [75] (p. 101), is contentment in abstraction and lack of attention to concrete social relations and artifacts, a limitation we hope to avoid in our critique of geoengineering. Despite the differences between critical theory and contemporary strands of STS, Feenberg [67] (p. 46) commended STS scholars for lending empirical support to Marcuse's argument that technological artifacts do, in fact, incorporate social values, or, the stance that "technology is social in much the same way as law or education or medicine insofar as it is similarly influenced by interests and public processes" (see also [35] (pp. 103ff)).
Marcuse's and Feenberg's work on the relationship between technology and capitalism opens up space for analyzing proposed geoengineering strategies as dangerous and contradictory technologies to further the domination of nature for the aims of capital's self-expansion and self-accumulation.
Drawing from Marcuse and Feenberg, we argue that economic rationality and technological rationality are mutually reinforcing in justifying the possible deployment of geoengineering. After discussing geoengineering and risks in Section 3, we examine the role of economic rationality (Section 4.1) and technological rationality (Section 4.2) in legitimating the potential deployment of geoengineering.
Geoengineering: A Technological Solution to Climate Change
Geoengineering
While climate change projections portend dramatic and lasting consequences well into the future [76] , global efforts to reduce emissions and limit warming have thus far failed. This has led some scientists to call for more aggressive actions to reduce GHG emissions, including a target to reduce atmospheric carbon dioxide levels to 350 ppm [77] . The failure of the international community to commit to binding targets to reduce emissions coupled with existing and projected consequences have led to increasing arguments that geoengineering is a global necessity [78] [79] [80] [81] . Even the latest Intergovernmental Panel on Climate Change (IPCC) [76] assessment discusses geoengineering strategies and their potential to reduce the impacts of climate change. Paul Crutzen, in his influential 2006 article in Climatic Change [64] , advocated the need to research geoengineering in earnest and in doing so established geoengineering as a legitimate course of action that demanded attention. However, geoengineering has a much longer history, preceded by an even longer history of attempts to control and master the weather and climate [82] .
The IPCC defines geoengineering as, "a broad set of methods and technologies that aim to deliberately alter the climate system in order to alleviate impacts of climate change" [83] . Scientists have proposed a range of geoengineering approaches that fall into two general categories: Solar Radiation Management (SRM), or, "albedo modification" [5] , and Carbon Dioxide Removal (CDR) [22] . While we touch on a range of geoengineering strategies, our focus is the most widely discussed SRM option: stratospheric aerosol injection (SAI). We selected SAI for analysis because it is the only proposed SRM strategy that is considered low-cost and with high potential to prevent warming [2, 84] . A second reason for selecting SAI is it is considered highly risky [2, 5] , providing an ideal entry point for addressing our underpinning research question: What structural forces and forms of rationality have driven the recent agenda for geoengineering? SAI, the strategy put forth by Crutzen [78] , is "[o]ften heralded as the most promising solar geoengineering proposal in terms of their effectiveness" [4] (p. 600). Volcanic eruptions have provided a way to assess the effect sulfur particles in the atmosphere have on incoming solar radiation and global temperature. The Mt. Pinatubo eruption in 1991 led to dimming that cooled the earth by 0.5 • C for a year [85] . Injecting sulfur particles (sulfur dioxide, hydrogen sulfide, sulfuric acid) into the atmosphere represents an attempt to emulate this process. Sulfate aerosols can be put into the stratosphere by release from planes, balloons, or ground canons. Once in the atmosphere, the particles combine with dust and water, creating aerosols that increase atmospheric albedo. Aerosols would likely last for about one year; therefore, this strategy requires continued sulfate deposition [81] . Model results suggest that this approach may be very effective, locally and globally, and it continues to garner the most attention in terms of the number of scientific studies [86] -many of which are examining different types of particles that could be injected into the stratosphere [87] .
Risks of Geoengineering
"I think [geoengineering] may be infinitely more dangerous than climate change, largely due to the suspicion and social disruption it would trigger by changing humanity's relationship to nature." -James Fleming (quoted in [88] )
There are a number of risks associated with SRM in general and SAI in particular. It remains unclear how SRM may affect weather patterns, especially precipitation and therefore ecological and agricultural systems [89, 90] . A modeling study supports previous results, indicating that the pumping of sulfate aerosols into the stratosphere may result in drought in South America, Asia, and Africa, assuming a 4 • C temperature rise would be compensated via SAI [91] . As stated by a leading geoengineering scientist: "used recklessly, geoengineering could threaten billions with starvation" [81] (p. 58). However, Keith and MacMartin [90] argued that this not need be the case: impacts and risks will depend on how SRM is deployed. Others have highlighted how sulfate aerosols do nothing to address ocean acidification and could exacerbate the ozone hole problem, increase acid rain and air pollution, have unknown impacts on plants and clouds, and reduce radiation for solar power-in addition to risks associated with human error, commercial control, and military use [83, 84, 86, 92, 93] . Lastly, there are serious concerns about risks to human health [94, 95] .
Perhaps the gravest risk associated with SRM, including SAI, because it only "masks the problem" [5] (p. 145), relates to continued carbon emissions. SRM could reduce incoming solar radiation, allowing for continued GHG emissions. If the intervention works initially but falters, or if the project cannot be maintained, temperatures could increase rapidly due to a buildup of background GHG emissions, a risk known as the "termination effect". A modeling study found that implementing SRM for 25 years and then stopping could abruptly increase temperatures by 4 • C, with severe impacts on agriculture and biodiversity [96] . Scientists have warned that political instability could abruptly halt SRM and result in a rapid temperature spike [79] . As a leading scientist who supports this approach acknowledges, SRM is "a powerful and frightening tool" [81] (p. 67).
As so much of what is understood is currently based on models, many risks related to geoengineering will remain unknown unless or until the strategies are implemented. The inherent uncertainty and ignorance related to geoengineering science makes it incredibly risky. Given the vast number of unknowns, many scientists continue to question how we can engineer a system we still do not understand [79, 80] . The possible risks and the extent of unknowns associated with geoengineering bring to the forefront the question: What structural forces and forms of rationality have driven the recent agenda for geoengineering?
Scientists, scholars, and policy-makers continue to debate supporting geoengineering research apart from the intention of implementing geoengineering. Some researchers may wish to develop SRM or CDR technologies, for the sake of science, without the intent to modify the Earth's climate. Others argue that a Plan B is critical: as the impacts of climate change become more severe, geoengineering may represent the only way to dampen the impacts and save lives [81] . Long and others [97] contended that we need research to understand the full risks and benefits of geoengineering so that we can decide whether or not to proceed with geoengineering strategies. In contrast, Hamilton [98] (p. 139) argued, "No, we should not just 'at least do the research'," citing a number of ethical and governance issues. He referred to the divide over atomic weapons research and pointed out that, "it would be naïve of researchers to imagine they can isolate themselves in a cocoon of scientific neutrality, nor can they absolve themselves of responsibility for how their schemes might be used or misused in the future" [32] (p. 21).
Some researchers, however, now clearly support eventual deployment. David Keith, the leading proponent of SRM research, advocated for research only until his 2013 book, in which he discusses specific routes for eventual SRM deployment and calls it cheap and easy [81] . Long and others [97] (p. 30) called for government funding to support climate engineering research, stating that "calls for intervention may grow" and it is critical to start with small-scale experiments immediately and make research transparent and for the public good. However, Stilgoe [99] warned that as geoengineering becomes a legitimate scientific field, controversy around research becomes neutralized and the technology becomes deterministic. Although we sometimes analyze arguments used to justify geoengineering research, the remainder of this article focuses on reasons given for possible deployment. We explore how the work of Marcuse can reveal insights regarding the role of capital, ideas about mastery and domination, and instrumental rationality in the major arguments for eventual deployment.
It should be noted that while many scientists and scholars have opinions on deployment, we focus on some of the most vocal proponents of geoengineering.
Drivers of the Geoengineering Agenda: Instrumental Rationality and Social Context
Geoengineering Is the Economically Rational Choice
"[M]an encounters nature as transformed by society, subjected to a specific rationality which became, to an ever-increasing extent, technological, instrumentalist rationality, bent to the requirements of capitalism." -Herbert Marcuse [70] (pp. 59-60)
The political-economic context that gave rise to geoengineering strategies is best understood as a contradiction between capital's need to accumulate and expand, on the one hand, and the destructive effects expansionistic production has on the conditions of production, specifically the climate system, on the other [100] [101] [102] . We agree with Weis [100] (pp. 318-319) that, "[t]he failure to account for the atmospheric burden associated with fossil energy, and its impact on the Earth's climate system, represents one of the most fundamental biophysical contradictions of industrial capitalism". The capital-climate contradiction is a monumental rendition of O'Connor's [103] (p. 162) "second contradiction of capitalism," whereby "individual capitals defend or restore profits by strategies that degrade or fail to maintain over time the material conditions of their own production". In other words, capital's drive to self-accumulate may undermine its ability to do so by destabilizing a massive condition of production (i.e., the climate system). Thus, the capital-climate contradiction represents a "creative self-destruction" [101] . This contradiction is built into the fundamental processes that characterize capitalism. "Treadmill of production" theory posits that capitalist economies must constantly expand production, creating a production cycle (a "treadmill") that increases energy and resource throughput ("withdrawals") and "additions" (pollution) into the environment [104, 105] , a perspective that has been reiterated in relation to climate change in various ways [106] (pp. 352-357). Work in political ecology highlights how environmental problems can be traced (through chains of explanation) to larger-scale economic relationships that prioritize capital accumulation and further contradictions (e.g., [107] [108] [109] ).
The problem of climate change is clearly linked to economic growth. Macro-level empirical research and projections show that economic growth is a major driver of GHG emissions and continued economic growth is antithetical to substantial emissions reductions (e.g., [110, 111] ; for summary of findings concerning economic growth and resource use in general, see [112] , pp. 5ff). As summarized by Hickel [113] for a popular audience, "we're only using fossil fuels in the first place to fuel the broader imperative of GDP growth. The root problem is the fact that our economic system demands ever-increasing levels of extraction, production and consumption". Marcuse [70] (p. 61) recognized these general trends early on: "it is obvious to what extent the violation of nature is inseparable from the economy of capitalism". Capitalism remains the root driver of climate change.
Capitalist societies have responded to the capital-climate contradiction in a number of ways. One response popular in the United States is to deny the reality and/or severity of anthropogenic climate change, a response sold to the public by a powerful coalition of fossil fuel industries, conservative think tanks and politicians, contrarian scientists, and other actors [114] . Less pathological responses than outright denial include establishing carbon markets, various energy efficiency measures, and the expansion of renewable energy. The increasingly popular climate policy frame of "green growth" [115, 116] -alternatively, the "green economy" [117] or the "green transition" [118] -combines the greening of technology and markets in a coherent and appealing narrative and approaches climate mitigation as a capital accumulation strategy, highlighting the economic benefits of environmental protection and the supposed "synergies" between environmental protection and economic growth (for sympathetic overview, see [116] ; for critical accounts, see [119] ). However, carbon markets (e.g., [120, 121] ), improved efficiency (e.g., [122] ), and renewable energy expansion (e.g., [123, 124] ) have all been shown to have limited success and unintended impacts (for overview, see [102] ). Attempts to surmount the capital-climate contradiction that do not address the drive to accumulate capital will probably fail to significantly reduce emissions and, as Marcuse's critical theory of capitalism would predict, will conceal, rather than address, the contradiction [102, 125] .
It is only in this political-economic context that arguments supporting geoengineering acquire any validity and, we predict, will continue to gain traction. Geoengineering, as a distinct kind of strategy to conceal the capital-climate contradiction, may be in conflict with the prominent mitigation strategies described above in the sense that geoengineering may lessen the motivation to reduce emissions by diminishing their negative impacts, thereby undermining the potential monetary gains of those banking on "green growth". We cannot predict if the interests of those with stakes in these different paths to climate-related profit-making will conflict or cooperate in the future. Regardless, geoengineering is related to established mitigation strategies in at least two ways: (1) the frustration resulting from the latter's relative failure underpins the case for geoengineering [41] and, (2) as explained in this subsection, geoengineering, like the greening of technology and markets, is a response to the capital-climate contradiction that masks and reproduces, rather than addresses and moves beyond, the driving force underlying the contradiction (i.e., the drive to accumulate capital). This is especially clear in arguments concerning the "cost-effectiveness" of geoengineering and geoengineering as an accumulation strategy itself (i.e., geoengineering itself can generate profits). Illustrating Marcuse's description of economic rationality, monetary and cost-benefit reasoning has dominated arguments in support of geoengineering from early on, even among scientists [8] . For example, deceased hydrogen bomb scientist Edward Teller claimed that geoengineering approaches would only cost $100 million or $1 billion a year compared to the $100 billion a year estimated to reduce fossil fuel usage to address "a problem that may not exist" [126] . According to Crutzen [78] , SAI approaches would cost about $25-50 billion per year, over 100 times less expensive than emissions reduction [127] . As stated by the two leading scientists and dominant voices in current geoengineering discussions, Caldeira and Keith [128] (p. 57), "geoengineering could be the only affordable and fast-acting option to avoid a global catastrophe". Compared to other approaches, SAI is especially being touted as a cheap and easy fix for climate change, and while the exact costs are still uncertain, they could be in the range of $700 million per year [81] . David Keith called SRM: "a cheap tool that could green the world" [81] (p. x).
Economists are even more explicit about geoengineering being the best choice to address climate change, further illustrating economic rationality. A panel of five leading economists organized by Bjorn Lomborg, including three Nobel Prize winners, ranked the best ways to address climate change: increasing cloud reflection was ranked first with reducing carbon emissions ranked twelfth [79] . Economists Bickel and Lane [129] concluded that the benefits outweigh the costs of geoengineering: every dollar spent on SAI will yield $25. The authors of the book Superfreakonomics [130] , a popular book on economics for the general public, also argued that lowering carbon emissions is too costly and too complex in comparison to SRM-a cheaper and simpler plan. In short, these geoengineering strategies represent a simple, lower cost alternative to reducing GHG emissions: the economics of geoengineering are "incredible" [131] .
Despite claims of cheapness, projections of SAI cost-effectiveness tend to ignore the costs of potential side-effects [8] . Most figures include only operational costs, ignoring the external costs or side-effects related to deployment that would likely vary regionally, could be catastrophic (e.g., significantly reduce crop yields), and are impossible to predict [132] . Furthermore, while geoengineering proponents claim that aggressively reducing GHG emissions would have devastating impacts on the global economy, the IPCC [133] predicts that waiting longer to implement mitigation actions will result in greater economic losses in the future.
The sociological issue, however, is more subtle than the validity of the problematic cost-effectiveness justification. The issue is that profit-maximization is the only "argument" that really matters in capitalist societies and consistently overrides other values and possibilities. In addition to its assumed cost-effectiveness, geoengineering represents an accumulation strategy, i.e., it represents a way to address climate change while supporting business investments and economic growth. Despite a lack of government funding [97] , investments are already increasing in geoengineering technology. Entrepreneurs and companies have patented geoengineering technologies in hopes of future returns on their investments, setting up a trajectory for deployment [80] . Long and Scott [134] raised some important questions about the vested interests in geoengineering research, highlighting how individuals (e.g., Bill Gates) and companies who have invented geoengineering technologies may try to manipulate policy decision-making processes in order to make money. In addition, companies may suppress studies with findings contrary to their best interests, use questionable methods, or misrepresent information. Geoengineering could become an industry similar to biotechnology, where companies advertise humanitarian goals, while profiting from innovations that may pose serious risks to society. While governmental bodies will likely make the ultimate decisions whether to implement specific geoengineering strategies, those with financial interests could attempt to sway the decision-making process in their favor.
This subsection provided three reasons that the rationality used to make the case for the potential future deployment of geoengineering strategies "incorporate" the value of capital's necessary self-expansion, a central claim in the critical theory of technology. First, the emergence of geoengineering as a climate change strategy, especially those that are highly risky, makes sense only in a political-economic context that is structurally incapable of reducing GHG emissions through the contraction of economic growth. That is, geoengineering is rooted in a "pregiven reality": an ecologically destructive social formation likely incapable of overcoming the capital-climate contradiction. Second, a common case for geoengineering strategies, especially SAI, is that it is much cheaper than GHG emissions reductions. Third, geoengineering is already being explored as an accumulation strategy, or, as a means to make money.
Geoengineering Would Be a Techno-Scientific Achievement
"Contemporary positivism . . . define[s] and filter[s] the universe of discourse for the use of technicians, specialists, and experts who calculate, adjust, and match without ever asking for whom or for what. The occupation of these specialists is to make things work, but not to give an end to this process." -Herbert Marcuse [63] (p. 122)
Although proponents of geoengineering are uneasy about their support [10] , many proponents, including scientists, have directly stated or indicated that geoengineering would represent an exciting and groundbreaking scientific achievement. Astrophysicist Lowell Wood, a strong and vocal proponent of geoengineering, stated, "[w]e've engineered every other environment we live in-why not the planet?" (quoted in [135] ). In his recent book on SRM, David Keith [81] (pp. 173-174) declared that, "[w]e may use these powers for good or ill, but it is hard not to delight in these newfound tools". The development of geoengineering technology represents the advancement of scientific achievement and progress. Even with the great number of possible risks, some scientists argue that the only way to proceed is with larger scale testing and eventual deployment [80, 81] , with one stating, "we don't know how to ride a bicycle when we start, but we end up doing it" (quoted in [79] , p. 179). The quotes in this section illustrate notions of mastery (total control) over a mechanical universe (technological rationality).
Those promoting and funding geoengineering are often techno-optimists who believe that the human race can invent its way out of problems. For example, David Keith argued that humans have a long history of successfully using techno-fixes to address problems and suggests SRM is the next big techno-fix [81] . In addition, Bill Gates is the world's leading financial supporter of geoengineering innovations and is known for viewing climate change as a technical problem that can be fixed through innovation. He provides money for a research fund run by Caldeira and Keith and has invested in geoengineering technology through companies: Silver Lining, Carbon Engineering Ltd., and Intellectual ventures [80] . Gates also has his name on at least one geoengineering patent. He has dismissed or belittled approaches relying on renewable energy, calling these strategies "cute" with solar power being the "cutest" [136] , and supports efforts to discover technological breakthroughs that will transform our relationship with the climate [137] . For Gates and other techno-optimists, society can address climate change simply through identifying and developing the appropriate high-tech fixes.
Beyond using geoengineering as a techno-fix to change nature, to some proponents it represents a way for humans to use technology to wholly master nature. Scientists have long sought out techno-fixes to alter the environment, looking for levers that can be switched to change nature [65] . In his 2013 book, David Keith [81] repeatedly framed SRM as ultra-powerful leverage over the climate. To some, geoengineering represents the ultimate trump card. In newspapers, 46 percent of articles frame geoengineering as a techno-fix or quick fix, allowing humans to change nature [43] . Overall, talk among scientists, captured by journalists and authors, indicates that many frame geoengineering in a language of techno-glorification. It has been equated with using "eco-judo" and as a way to "play god" [43, 79, 80] . Scientists and entrepreneurs are also discussing moving beyond geoengineering as a way to address climate change, exploring how they can use geoengineering technology to tailor the climate to optimal conditions [80] .
Dominant portrayals of geoengineering in the media indicate that it is seen as a simple application of technology to control a mechanistic system. Research on the use of metaphors offers a means to understand how geoengineering is viewed among scientists and journalists and how these messages are being transferred to the public. Metaphor usage indicates that the planet is viewed as a machine and geoengineering as a useful tool to fix or control the machine [40] . Using medical metaphors, geoengineering has been called sunscreen for the planet [126] , a cure for a sick planet, chemotherapy for the planet, liposuction for the planet, and an ice bath for a raging fever [40, 79] . These statements indicate that geoengineering is seen as a logical tool to address the problem of climate change. They also illustrate reductionist thinking applied to a highly complex and unpredictable system.
The notion of technological rationality developed by Marcuse and Feenberg can help explain why geoengineering schemes are taken seriously among some policy makers and scientists. Or, stated differently, one can hypothesize why more substantive and even radical social alternatives are not. Geoengineering schemes exemplify technological rationality's reduction of nature to "stuff of control and organization" [1] (p. 153) in order to control the natural world through "classification, quantification, and control" [35] (p. 87). Coupled with the technological rationality used to conceive of, and justify, injecting sulfate aerosols into the stratosphere, the latter technical process itself is part of the ideological character of the geoengineering agenda, in which ideology is understood as ideas and practices that conceal real contradictions [138] . If ever set in motion, SAI would be an awesome material manifestation of the ideological masking of the capital-climate contradiction. Portrayed as a means to control nature, this process appears as a decisive techno-scientific achievement and the rational way forward. As put by Hamilton [80] (p. 174): "technologies gather added political momentum because we live in societies predisposed to seek technological answers to social problems". Many may be lured by the promise of a giant techno-fix that allows for the further mastery of nature, especially when technology is broadly understood as "the form of modern experience itself, the principal way in which the world is revealed" [35] (p. xiii). In a one-dimensional society, where technical achievements primarily serve giant industries who "deliver the goods"-and, in this case, deliver the solutions-there is a tendency to identify with the system and dominant rationality. This is what Marcuse [62] (p. 143) called the "matter of factness" attitude that inhibits forms of thinking and acting that could create a qualitatively different social formation.
Related to the repelling of social alternatives, pure technological rationality works against reflection on the goodness of ends. This is a problem in the context of climate change because, as Gardiner [139] argued, climate change is the "perfect moral storm," or, a convergence of complex global, intergenerational, and theoretical issues that makes answering and responding to ethical questions difficult, increasing susceptibility to moral corruption and inaction. In another powerful analogy borrowed from the climate scientist Gavin Schmidt, climate change is analogized as a boat being rocked by one traveler (polluters) and another traveler (geoengineers) "offers to use his knowledge of chaotic dynamics to try to counterbalance the first [polluters], but admits that he needs huge informational resources to do so, cannot guarantee success, and may make things worse" [33] (p. 249). Of course, the analogy is loaded, as it would be better for the "reckless, callous, and shallow" boat rocker to "just sit down" (reduce emissions) than to risk further human influence on the climate system [33] (p. 249).
Before concluding the discussion of geoengineering from the perspective of Marcuse's theory of technological rationality, Gardiner's boat rocking analogy is a helpful entry point for briefly commenting on how Marcuse can contribute to the discussion of climate ethics and the ethics of geoengineering. As stressed in this project, Marcuse helps explain why the boat rocker cannot sit down (the drive to accumulate capital), why counteracting this rocking is suggested as an alternative to sitting down (the reproduction of capital accumulation), and why this alternative is increasingly considered a viable solution to climate change (the radical instrumentalization of reason). In other words, as stressed in this project, Marcuse's primary contribution to ethical reflection about climate change and geoengineering is "negative" and sociological (i.e., placing these ethical considerations in socio-economic context and predicting that capitalist society may be structurally incapable of responding ethically). However, Marcusian thought can make positive contributions as well. Marcuse's distinction between essence and appearance (see Section 2.2) is not only analytical, but also an "ethical imperative, which states that our existence ought to conform to our essence" [140] (p. 95). The latter entails a search for social movements and actors who may have be able to overcome the capital-climate contradiction and form a society in which humanity is able to "sit down" (reduce emissions) and be happy. Gunderson [60] (p. 231) argued that the movement to sustainably contract the economy ("degrowth") (see Section 2.1) is Marcusian in nature. Marcuse's [71] support of Third World liberation indicates that he would side with the Global South in questions of global climate justice. Further, influenced by Walter Benjamin's messianism [35] (p. 19), questions of intergenerational climate justice would be imperative for Marcuse, informed by a future-oriented analysis of what is potential in the current social order. Finally, his late work on the "new sensibility" and "new technology" (e.g., [70, 71] ) have applications for discussions of environmental solutions, including climate change responses [66] . While a systematic elaboration of these insights sits outside of the aims of this project, there are positive contributions to be learned from Marcuse, and critical theory more generally, in climate ethics and politics.
As stressed by Marcuse and Feenberg, economic and technological rationality are mutually reinforcing forms of instrumentality. Failure to consider the end goals and consequences, while focusing instead on technological progress and immediate economic growth, results in another instance of what Marcuse [1] (p. 9) called the most "vexing" aspect of advanced capitalism: "the rational character of its irrationality". A low-cost, industry-friendly, and high-tech solution appeals to "reason," but the use of technology to solve problems is contradictory when it does not address the root causes of problems and the technological means overshadow the ultimate outcomes, casting aside the required social changes. Further, technological rationality, because it cannot detect potential social alternatives to the current order and mitigates against ethical reflection, serves the current social order.
Conclusions
Discussions of geoengineering often focus on technical or means-oriented questions (i.e., "how" questions), overlooking the ends and interests involved. To interrogate the "whys" of geoengineering, we have applied Herbert Marcuse's theorization of the relations between technology, capitalism, rationality, and nature. This project brings substantive discussions of geoengineering forward through the following lines of argumentation: (1) geoengineering is a contradictory solution to a systemic contradiction between capital accumulation and climate stability; (2) the value of profit-maximization-or, more fundamentally, the structural drive to accumulate capital-shapes justifications for the possible deployment of geoengineering; and (3) technological rationality is a constitutive element of the case for geoengineering, a form of reason that aids in the reproduction of the social order (as opposed to locating alternative social futures). We argue that geoengineering-specifically SAI-supports economic priorities (and powerful financial actors), protects an inherently ecologically harmful social formation, and relegates the fundamental social-structural changes needed to actually address climate change.
Inverting our argument may clarify our thesis: emissions reductions, unlike geoengineering, are expensive, rely more on social-structural than technical changes, and are at odds with the current system (i.e., the current social system may be structurally incapable of significantly reducing emissions). Because of this, we predict that geoengineering strategies, no matter how risky, will increasingly be considered principal means to combat climate change, perhaps even as alternatives to emissions reductions. Indeed, our discussion takes on particular importance, as enthusiasm for geoengineering is increasing among high-level officials in the Trump administration and the Republican Party [141, 142] , and unprecedented outdoor geoengineering experiments are now moving forward [143] . The Stratospheric Controlled Perturbation Experiment, for example, which is planned to take place in early 2018 in Arizona, will represent a critical outdoor experiment for SRM researchers and will involve the launch of balloons containing up to a kilogram of aerosol particles [144] .
From a critical theoretical perspective, the fact that geoengineering is "getting ever closer to the mainstream" [10] (p. xii) (see also [32] ) is a clear indication of (1) capitalism's inability to overcome the capital-climate contradiction and (2) the radical instrumentalization of reason. The emergence of the geoengineering agenda is incomprehensible outside of this context. It would not make sense to inject millions of tons of sulfate aerosols into the stratosphere, for example, in a society capable of casting off growth-dependence, organizing production to meet needs, and interacting with the biophysical world in non-destructive ways. The models and techniques put forth by the geoengineering agenda are not simply ecologically and socially risky, they are, as Marcuse predicted, rooted in a vision of a nature as a set of passive resources that can be fully controlled in line with the demands of capital. Thus, we agree with others that bringing the question of capitalism to the forefront of social-environmental analysis, as opposed to assuming capitalism's naturalness or immutability, is crucial for explaining environmental harms, shedding light on unsustainable solutions to the environmental crisis, and locating more sustainable social futures [145] .
When promoted as a cheap, high-tech, and market-friendly strategy due to insufficient emissions reductions, the whys of geoengineering reflect a society that transforms what should be considered means (technology and economic production) into ends themselves. Such a condition echoes the early Frankfurt School's primary thesis: instrumental rationality remains "irrational". With the proliferation of a form of reason incapable of formulating substantively rational ends, the development and spread of capitalism, and unreflective technical progress, reason has lost its aim (the emancipation of human beings), and the domination of humans and nature has become an end-in-itself. Reason remains contradictory and irrational when it endures as the "frantic development of productivity, conquest of nature, [and] enlargement of the mass of goods" [72] (p. 207).
One goal of "critique" since Hegel is to achieve "reflection on a system of constraints which are humanly produced" in order to overcome undesirable power relations [146] (p. 18). The underlying goal of this project was to shed light on the humanly produced political-economic context that gave birth to risky responses to climate change, and the forms of rationality used to justify these responses. This is the first step toward formulating rational social alternatives that do not require potentially catastrophic responses to climate change. There are likely readers who, like us, find fault in the techno-optimistic and economic justifications for geoengineering and are aware of its social and ecological risks. However, these readers may still reasonably think that geoengineering, although risky, may be our only large-scale option at some point in the future. Or, as the U.S. NRC's [5] (p. 146) report on SRM put it:
[m]itigation, although technologically feasible, has been difficult to achieve for political, economic, and social reason that may persist well into the future. . . . Although there are ongoing efforts at climate adaptation in many communities, both humans and ecosystems face substantial challenges in adapting to the varied impacts of climate change over the coming century. For that reason, it is prudent to examine other options [i.e., geoengineering] for limiting the risks from climate change, even as mitigation and adaptation remain the primary emphasis.
However, geoengineering is a dangerous and contradictory attempt to transform the problem-the domination of nature through technology in the service of capitalism-into the solution. The drastic changes needed to reduce emissions involve fundamental changes in our social formation. If the latter course is cast off as more utopian and unrealistic than SAI, for example, perhaps Adorno [147] (pp. 107-108) was right to claim that, "[t]he horror is that for the first time we live in a world in which we can no longer imagine a better one".
